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Abstract
Molecularﬁlms present an elegant way for the uniform functionalization or doping of graphene.Here,
we present an in situ study on the initial growth of copper phthalocyanine (CuPc) on epitaxial
graphene on Ir(111).We followed the growth up to a closedmonolayer with low energy electron
microscopy and selected area electron diffraction (μLEED). Themolecules coexist on graphene in a
disordered phasewithout long-range order and an ordered crystalline phase. The local topography of
the graphene substrate plays an important role in the nucleation process of the crystalline phase.
Graphene ﬂakes on Ir(111) feature regions that are undermore tensile stress than others.We observe
that theCuPcmolecules formordered domains initially on those graphene regions that are closest to
the fully relaxed lattice.We attribute this effect to a stronger inﬂuence of the underlying Ir(111)
substrate formolecules adsorbed on those relaxed regions.
1. Introduction
Awide range of applications for graphene has been proposed following the isolation of individualmonolayer
sheets byGeim in 2005 [1]. These applications include the use of graphene as a transparent electrodematerial for
organic light emitting diodes or organic photovoltaics [2–5], as a growthmodiﬁer for organic crystals [6–8], in
singlemolecule sensors [9–11], or as a replacement of silicon in future high performance electronics [12]. All of
these applications require somemeans of functionalization of the pristine graphene sheets, either simply for
electronic contacting or to alter its properties as needed, e.g., to induce a band gap for the use in aﬁeld effect
transistor. One possible way to achieve this is surface functionalizationwith adsorbates [13–17]. Ideally, the
adsorbates should be adsorbed at well deﬁned lattice sites on the graphene surface and in a regular way, to keep
the full symmetry and thus properties of the honeycomb graphene lattice. This is a challenge, since due to
graphene’s inertness, the surface energy ofmostmaterials on graphene is rather small. As a resultmostmaterials
are not growing as smooth ﬁlms on graphene but rather as clusters.
A viable strategy for functionalization could be themodiﬁcationwith adsorbedmolecules [13–15, 18–20].
Themolecules can be deposited on the graphene surface usingwet chemistry or vapor deposition techniques. It
is possible to induce and tune an energy band gap and dope graphene by adsorption ofmolecules [19].
Phtalocyanines represent a particularly appealing class ofmolecules for graphene functionalization, since
they consist of an organic frame and ametal center atom that can be, for example, Cu, Sn, Zn, Fe or Al.
Phtalocyanines often form regular superstructures on graphene, which opens up the possibility to bringmetal
centers with different functionality to speciﬁc sites on the graphene lattice [6–8, 21–26]. Understanding and
controlling the crystallization of thesemolecules on graphene is important to create the functionalization that is
desired.
Here, we present a study on the initial growth of copper-phtalocyanine (CuPc)molecular ﬁlms on epitaxial
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microscopy (LEEM) and selected area low-energy electron diffraction (μLEED). Theﬁrst technique allows to
follow the growth ofmolecular layers at submonolayer coverages with high spatial resolution (down to 2 nm)
while the second enables the structural analysis, both at varying substrate temperature in a largeﬁeld of view.
The inﬂuence of substrate defects, e.g., steps or point defects, on the growth process becomes immediately
apparent. Thismakes LEEMapowerful tool to investigate the growth ofmolecular thinﬁlms [5, 27–36].
As a substrate we choose epitaxial graphene on Ir(111), grown through the decomposition of ethylene gas at
elevated temperatures on the Ir surface [37, 38]. In this way, it is possible to obtain large individual graphene
ﬂakes of highest quality. Theweak interaction of graphenewith the Ir(111) substrate expresses itself in a slight
p-doping [23, 39]. Themismatch between the Ir(111) and graphene lattice results in aMoire patternwith aweak
corrugation, that was used before for the selective adsorption ofmetal clusters or FePcmolecules [26, 38, 40].
In this paperwe report on our study of the nucleation, growth and structure of an ordered, crystalline CuPc
ﬁlm that forms at CuPc coverages close to a fullmonolayer.We show that the nucleation and growth of domains
(crystallites) of the crystalline ﬁlm is strongly inﬂuenced by the local topography of the graphene sheet and the
local alignment of the graphene latticew.r.t. the underlying Ir(111) substrate.
2. Experimental
The experiments were performed in an Elmitec LEEM III low energy electronmicroscope. The instrument is
aberration correctedwith a lateral resolution down to 2.0 nm. Themicroscope also allows to obtain electron
diffraction patterns from selected areas of less than 1 μmdiameter on the surface (μLEED).
An Ir(111) single crystal was prepared by repeated cycles of sputtering with argon (1 kV), heating in oxygen
(1 10´ −8 mbar) at approximately 850 K andﬂashing to 1400 K> inUHV. Epitaxial graphenewas grown
through chemical vapor deposition by cracking of ethylenemolecules at the surface [37, 38, 41]. The growth
recipewe usedwas as follows: we admitted small amounts of ethylene to a total pressure of 5×10−9mbar,
while keeping the substrate temperature constant at around 1300 K.Wemonitored the growth of graphene
ﬂakes in LEEMuntil amajor fraction of the surface was coveredwith sufﬁciently large single crystal graphene
ﬂakes (exceeding 10 μmin diameter, see ﬁgure 1(a)). At this point the ethylene gaswas pumped off and the
crystal kept at high temperature for a short time to allow residual carbon to attach to grapheneﬂakes. Next, the
crystal was cooled using liquid nitrogen to the temperatures used for the subsequent CuPc growth experiments
(between 220 and 340 K). For each growth experiment we cleaned the Ir(111) surface using the same procedure
Figure 1. (a1)–(a4)Brightﬁeld LEEM image sequence of the deposition of CuPc. The ﬁeld of view (FOV) is 10 μm, the start voltage is
1.8 V. The black arrows in the ﬁrst image (a1) point at Ir steps (thin lines), graphenewrinkles (thick lines) and the Ir(111) substrate
(dark gray). Thewhite arrow in the third image ((a3), t=317 s) points at a crystalline CuPc domain. The times in the images refer to
opening the shutter of theCuPc evaporator. (b1)–(b4)μLEEDpatterns obtained in a separate experiment at similar conditions (start
voltage 6 V). The orange arrows in theﬁrst pattern (b1) represent the unit cell in reciprocal space of the grapheneMoiré pattern, the
ﬁrst order Ir(111) spots are not visible as they are outside the Ewald sphere. TheMoiré pattern does not change duringCuPc
adsorption. The blue arrows in the fourth pattern (b4) indicate the unit cell of one of theCuPc domains.
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and prepared fresh graphene ﬂakes. The recipe results in largeﬂakes, but of varying orientationwith respect to
the underlying Ir(111) substrate [42]. Therefore, we checked the crystallographic orientation of the graphene
ﬂakes prior the experiments usingμLEED (seeﬁgure 2(a))2.
Graphene forms different rotational domains on Ir(111) [43].With the abovementioned growth recipe the
majority of grapheneﬂakes is alignedwith the Ir(111) substrate (R0ﬂakes). The secondmost abundant
orientations are R30 andR14.4. If notmentioned otherwise, we observed theCuPc onR0ﬂakes, as conﬁrmed
withμLEED.
Depositionwas performed by evaporating CuPc froma home-made resistively heatedKnudsen cell.
Evaporation rates of approximately 2–3×10−3 ML s−1 were used, calibrated by the time needed to obtain a
full, orderedmonolayer (ML) in LEEM.We deﬁne onemonolayer as the density ofmolecules adsorbed to fully
cover the surfacewith a single layer.
If not otherwise stated, we collected LEEM images using start voltages between 2.4 and 3.0 V in bright ﬁeld
mode.We did not observe any electron beam induced damage of themolecular ﬁlms under the imaging
conditions described here.However, at slightly higher start voltages ( 8 V> )wedid observe severe damage to the
ﬁlms and increasedmobility of themolecules.We tried to avoid these energies during the experiments. If
unavoidable (e.g. forμLEED experiments), weminimized the electron dose andmoved to a new position on the
sample for further experiments.
Figure 2. (a)μLEEDpattern from a pristine R0 graphene ﬂake alignedwith the Ir(111) substrate. LEEDpatterns from30 to 120 V in
1 V steps were summed up to obtain a cumulative pattern. Dark red arrows here (and in (b)) indicate the unit cell of theMoiré
superstructure [38]. (b)Diffraction pattern (cumulative pattern from2.0 to 10.0 V in 0.1 V steps) obtained from an individual CuPc
domain using an illumination aperture. The pattern shows a square CuPc unit cell (blue arrows)with a lattice constant of
1.38±0.04 nm, rotated by about 9° w.r.t. the underlyingMoiré pattern. In total we ﬁnd six equivalent rotational CuPc domains. (c)
Schematic of theMoiré unit cell, (orange dashed parallelogram) and the CuPc unit cell (dark blue square), drawn on top of the
graphene lattice. Note, that we cannot determine theCuPc adsorption sites from the diffraction pattern. (d) Sketch of theCuPc unit
cell. The light blue dashed circles indicate theCuPc van derWaals diameter of freely rotatingmolecules for comparison. Black circles
represent carbon, green nitrogen and red copper atoms.
2
Note that LEEDpatterns recorded in a LEEM instrument have a constant k-space scaling, i.e., diffractions spots do not change their
positions in the imagewhen the electron energy is changed. This is due to the electron optics being operated at very high voltages (20 kV in
our case).
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3.Growth of theﬁrst layer
3.1.Different growth stages
First, we describe the different stages of the growth and structure of the ﬁrst CuPcmolecular layer.
Understanding the factors that inﬂuence the growth of the ﬁrst layer is crucial, since it is this layer thatwill be
governing both the electronic interactionwith the underlying graphene, as well as the crystalline structure
(molecule orientation, grain density) of thicker CuPcﬁlms.
Figure 1(a) shows a (bright ﬁeld) LEEM image sequence of the deposition of CuPc at a substrate temperature
of about 220 K. The sample temperature ismeasuredwith aC type thermocouple and the absolute error at these
low temperatures is relatively large. The sequence starts with an image of the pristine graphene substrate before
opening the shutter of the CuPc evaporator (ﬁgure 1(a1)). The three arrows point at wrinkles in the graphene
layer [41], underlying Ir steps and the bare Ir(111) substrate, respectively. Under the imaging conditions used
here, the grapheneﬂake appears brighter than the Ir substrate.
The next image in the sequence (ﬁgure 1(a2)) shows the same ﬂake 300 s after opening the shutter of the
CuPc evaporator (at t=0 s). TheCuPc coverage at this point is about 0.7–0.8 ML. After opening the shutter, the
image intensity of both the grapheneﬂake and the bare Ir(111) decreased homogeneously over thewhole surface
with increasing deposition time (see ﬁgure 1(a2)).We attribute this to the presence of adsorbedCuPcmolecules
in a disordered phase on the surface as it was observed for CuPc and SnPc adsorption on differentmetal
substrates [44–47]. A combination of twomechanisms explains the reduced image intensity: (1)molecules
scatter the probing electrons out of the specular direction [31, 48–51], and (2) destructive interference between
electrons reﬂected from themolecular adlayer and the graphene substrate. The presence of the disordered phase
is also conﬁrmed by the observation of a diffraction ring inμLEED experiments (ﬁgure 1(b2)), whichwere
recorded under comparable conditions in a separate experiment. The radius of the ring (green arrow,R=0.41
Å−1) corresponds to a preferred intermolecular distance (1.53 nm for the image shown), which in turn is
compatible with a coverage of 0.81 ML.
Once the adsorbedCuPcmolecules were sufﬁciently dense, we observed the nucleation of domains of an
orderedCuPc phase (see ﬁgure 1(a3), t=317 s). Domains of this phase nucleate preferably at graphene
wrinkles, which suggest defect induced nucleation (heteronucleation). Upon further deposition of CuPc these
domains expand and newdomains continue to nucleate (ﬁgure 1(a4)).Micro diffraction patterns taken from
these domains reveal a highly ordered, square crystal structure (ﬁgure 1(b4)). Eventually thewhole surface is
coveredwith this ordered phase, after which a second layer would nucleate. In theμLEEDpatterns (ﬁgures 1(b3)
and (b4)), we can see that the rings of the disordered phase almost completely disappear and sharp spots develop,
as the CuPc coverage increases and a larger fraction of the surface is coveredwith the crystalline phase.
From the diameter of the diffuse diffraction ring just before nucleation, we can extract the density of
adsorbedmolecules necessary for nucleation of the crystalline phase at this temperature.However, beforewe do
that and further discuss the nucleationmechanism in detail, wewillﬁrst analyze the diffraction pattern of the
ordered phase and the crystalline structure in the ﬁrstmonolayer.
3.2. Structure of theﬁrst CuPc layer
In the previous sectionwe showed that two distinct submonolayer phases are formed byCuPc on graphene: a
disordered phase for low coverages and a 2D crystalline phase for higher coverages close to a fullmonolayer. To
determine themolecular structure within the crystalline phase, we obtainedμLEEDpatterns from individual
domains. AμLEEDpattern of the pristine (uncovered) graphene ﬂake is shown inﬁgure 2(a). The six ﬁrst order
Ir(111) diffraction spots are surrounded by several satellite spots. These originate from thewell knownMoiré
pattern formed by the graphene overlayer and the Ir(111) substrate lattice [37–40]. The period length of this
Moiré patternwasmeasured to be 2.55 nmat temperatures below 500 Kusing high resolution LEED [41]. This
period length is not altered by the adsorption of theweakly interacting CuPcmolecules.We determined the
positions of theCuPc diffraction spots relative to theseMoiré spots, which allowed us to stay below the electron
energies where electron induced damage starts to become a problem (approximately 6–8 V).
TheμLEEDpattern shown inﬁgure 1(b4) is a superposition of several different rotational CuPc domains. To
determine theCuPc unit cell we obtained diffraction patterns from individual rotational domains using an
illumination aperture producing a 500 nmdiameter illuminated spot on the surface. An example of such a LEED
pattern is shown inﬁgure 2(b).Weﬁnd a square unit cell (taking into account an instrument induced distortion
of the LEEDpattern), with a lattice constant of 1.38±0.04 nm. This value is very close to the lattice constant of
bulkCuPc layers onHOPG [52]. The unit vectorsmake an angle of about 9°, and 39°with respect to the
underlyingMoiré pattern (and thuswith the aligned graphene and the [110] Ir substrate direction).
Figures 2(c) and (d) illustrate the proposedmolecular structure in the crystalline ﬁrst layer. Fromwhat is
known for the adsorption of CuPc on graphene, graphite andmetal surfaces, it is reasonable to assume that the
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molecules adsorb in aﬂat lying geometry at all times [7, 45–47, 53–59]. Figure 2(c) shows theCuPc unit cell on
the graphene substrate together with theMoire unit cell. In ourmodel themolecules form an angle of about 26°
with the superstructure unit cell vector, see ﬁgure 2(d). The structure is very similar to the structure of CoPc on
graphene/Ir(111) [21]. Unlike for the case of FePc on graphene/Ru(0001) [60], there is no indication that the
Moiré pattern is trapping theCuPcmolecules inﬁxed positions.However, while the CuPc structure is
incommensurate w.r.t. the underlying graphene and Ir substrate, the substrate symmetry is still imposed on the
CuPc layer. In accordance with the substrate symmetry, we observed in total six rotational CuPc domains.
Fromdarkﬁeld LEEM, i.e., imaging by selecting a diffraction spotwith a contrast aperture, we ﬁnd that
individual rotational CuPc domains can extend overmicrometers in size (see ﬁgure 3). This shows that each
individual nuclei that formed during nucleation is a single crystal, which implies a high crystal quality and
minimumgrain density.While underlying Ir(111) steps sometimes block the domain expansion, we never
observed the growth of a domain over awrinkle in the graphene layer. Themaximum size (and thus the grain
density) of individual crystallites is thus only limited by graphenewrinkles.
3.3.Details of the phase transformation
For sub-monolayer coverages theCuPcmolecules form a phasewithout long range order.We can discern two
discrete rings in the diffraction pattern of the dilute phase (ﬁgure 1(b2)). These two rings are not ﬁrst and second
order diffraction rings [46, 47]. The inner (and less intense) ring is due to intermolecular diffraction, i.e., is
showing the average separation ofmolecules. As expected, this ring is changing in diameter with coverage. The
outer (andmore intense)diffraction ring, on the other hand, is due to intramolecular diffraction. This ring is not
changing in diameter withCuPc coverage.
From the diameter of the inner diffraction ring inﬁgure 1(b2)we can roughly determine the average
separation d betweenmolecules and, assuming a random spatial distribution ofmolecules, their density
n d1 2= .Weﬁnd that the average separation betweenmolecules just before nucleation of the crystalline phase
is close to 1.53±0.03 nm. This separation is just slightly larger than the projected van derWaals diameter of a
single CuPcmolecule adsorbed in a ﬂat geometry (1.49 nm [45]). There is no intensitymodulation visible in
both diffraction rings, i.e., there is no strongly preferredmolecular orientation in the disordered phase. The
surface just before nucleation of the crystalline phase is occupied by randomly orientedmolecules. From the
mean separation of 1.53 nm follows aCuPc density of 81%of the density in the crystalline phase, or 0.81ML
(according to our deﬁnition of amonolayer as a fully closed layer of the crystalline phase). This value is the CuPc
density needed for nucleation at a substrate temperature of 220 K.
For higher temperatures, we ﬁnd that an even denser disordered phase is necessary to induce nucleation.
Figure 4 shows themelting of CuPc domains upon increasing the substrate temperature from the growth
temperature of 220 K. Themolecules leave the crystalline phase and stay on the surface in the disordered phase.
Close to room temperature almost all the CuPc domains havemelted. Note, that this temperature depends on
the total coverage3, i.e., for a higher total coverage the domainswouldmelt at a higher temperature. In fact, a
closedmonolayer is stable up to approximately 450 K.Upon cooling the substrate the crystalline domains
reappear. It is remarkable that the domains form again at almost identical places, due to the inﬂuence of the
Figure 3.Bright and dark ﬁeld LEEM images of a closedCuPcmonolayer grown at approximately 210 K. Left: brightﬁeld LEEMwith
an FoVof 10 μmand an start voltage of 1.7 V.Middle and right: darkﬁeld LEEM images using one of theﬁrst order CuPc diffraction
spots (see ﬁgure 2), start voltage is 3.1 V. Areas with the same brightness level have identical rotational crystal orientation.
3
Total coverage is the sumof the adsorbedmolecules in the (coexisting)disordered and ordered phases.
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topography, as discussed in the next section. From the images, we judge that the amount ofmolecules desorbing
from theﬂake is negligible and therefore themelting process is reversible.
In our experiment the disordered phase covered about 40%of the surface at a density of 81%of a closed layer
and at 220 K,while the rest is coveredwith the 2D crystalline phase. At 280 K the disordered phase covers 90%of
the surface. Assuming no desorption ofmolecules, thismeans that the disordered phase nowhas a density of
87%of a closed layer. Unfortunately the temperaturemeasurement is neither accurate nor precise enough for a
full analysis of this phase transformations and extraction of thermodynamic parameters.
Apparently, the crystallization of theCuPcmolecules is a ﬁrst order phase transition. It is often intuitively
assumed, that this transition is caused by attractivemolecule–molecule interaction, e.g., by overcoming the
orientational and translational entropy of the disordered phase by decreasing the internal energy through the
formation of bonds. However, one very general class ofﬁrst order phase transitions is purely entropy driven.
One of such systems, namely non-interacting hard disks in two-dimensions, has been studied extensively
theoretically in the last decades—and is still not fully understood [61–65]. This system can be seen as a simpliﬁed
model of our systemof adsorbedCuPcmolecules (an evenmore accurate description are non-interacting hard
squares, which is, however, less frequently studied [64, 66]). Indeed, the hard diskmodel also has aﬁrst order
phase transition at a packing factor of 0.723. This value is very close to the nucleation density of CuPc at 220 K
(the aforementionedCuPc coverage of 0.81 ML at 220 K translates into a packing factor of 0.735). However, the
hard disk system is independent of temperature, which only sets the time scale.We, however, observed
reversiblemelting/crystallization upon changing the substrate temperature, which can only be explained by the
presence of internal energy, i.e., attractivemolecule–molecule interaction. Interestingly, we observe densities in
the disordered phase that exceed by far the critical packing factor of 0.723 of the hard diskmodel, even taking
into accountmeasurement errors. This is very counter intuitive, butmight be explained by an average attractive
molecule–molecule interaction term in the disordered phase, which is stabilizing a denser packing.
4. Inﬂuence of the local graphene topography
The graphene sheet is by nomeans aﬂat, perfect surface.We have already shownwrinkles that formduring
cooling down of a grapheneﬂake grown byCVDon Ir(111) at elevated temperatures. These are caused by the
difference of the thermal expansion coefﬁcients of both graphene and the Iridium substrate. Upon cooling the
accompanied compressive stress is relieved through the formation of wrinkles in the graphene sheet. The
formation of these wrinkles and stress relieve can be tracked in situwith LEEM [67]. However, thewrinkles
cannot lift the stress homogeneously from the graphene ﬂakes. Locally regionswith different amount of residual
stress remain also below room temperature. Those regions have a slightly different lattice constant andmay be
differently well alignedwith the underlying substrate lattice. LEEMallows to visualize this residual stress locally
on amicrometer scale, due to theminute differences in the local (electronic) structure. Figure 5(a) shows a
LEEM intensity versus voltage (LEEM-IV) plotmeasured on the two adjacent areasmarked inﬁgure 5(b). Both
areas are separated bywrinkles. The data is normalized to the intensity inmirrormode, i.e., for negative start
voltages. The plot of the difference of both curves reveals that the intensity in both regions differs by up to 10%
for start voltages between 4–8 V. In another LEEM study, it was found that the regionswith a higher intensity
correspond tomore relaxed graphene [67].With this knowledge, we can thus assign the graphene sheet in region
A to be in a slightlymore relaxed state than that in region B, i.e., the lattice could accommodate itselfmore
closely to the Ir(111) substrate. This is also reasonable judging from the shape of thewrinkles surrounding
regions A andB: regionA is rather small and surrounded by a neat hexagon ofwrinkles, while region B is large
and surrounded by less regular wrinkles.
Figure 4.Heating and cooling of a graphene ﬂake partially coveredwithCuPc domains (dark gray). The total CuPc coverage is
0.92 ML.Upon increasing the temperature theCuPc domainsmelt. In the third image close to room temperature almost all CuPc
domains have vanished. Upon cooling down again the domains reappear.
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The question arises if and how this difference in the graphene topography inﬂuences the growth of theCuPc
monolayer. Figures 5(c) and (d) showLEEMsnapshots from two experiments of the nucleation of the crystalline
CuPc phase at substrate temperatures of about 210 K (c) and 250 K (d), respectively. In both image sequences
regionA belongs to amore relaxed and region B to amore stressed area of the graphene sheet. Theﬁrst image of
each sequence shows the clean surface with its image contrast integrated over a start voltage range of 4.5–5.5 V
(red shaded area inﬁgure 5(a)) and in false colors to emphasize the difference, where blue corresponds tomore
relaxed, red tomore stressed regions.
Both image sequences inﬁgures 5(c) and (d) clearly show the following behavior: CuPc domains nucleate
ﬁrst withinmore relaxed regions close towrinkles. The areas A andB in both sequences highlight examples of
this, andmore examples are easily found in both sequences. After nucleation, the expansion of theCuPc
domains is further inﬂuenced by the distribution of the different stress levels. For instance inﬁgure 5(c), the
domain that nucleated in regionA grows ﬁrst along thewrinkles on the upper and right side (see red arrow), and
only in the end covers the lower part, which is slightlymore stressed (as can be seen in the false color image).
This effect is evenmore obvious, if we compare the growth of CuPc on graphene ﬂakes of completely
different orientationwith respect to the Ir(111) substrate. Figure 6 shows the deposition of CuPc on aR0
grapheneﬂake, that is surrounded by ﬂakes of another orientation (RX, presumably a ﬂake rotated by 30°, which
is themost abundant graphene orientation besides R0 [43]). For the start voltage used (2.4 V), the R0 orientation
appears bright, andﬂakes rotated by 14°or 30°dark[43]. This conﬁguration, a R0ﬂake surrounded byRX ﬂakes,
forms due to different growth rates: while the ROvariant nucleatesﬁrst, the growth rates for the other graphene
orientations aremuch higher.
The image sequence inﬁgure 6 shows that CuPc crystals nucleate initially on the R0 domains. Once the R0
domain is almost fully covered, we also observe nucleation on the surrounding RX ﬂake. This is consistent with
the picture presented above, of preferredCuPc nucleation on the best aligned areas on the ﬂakes.
How canwe explain this preferred nucleation on the aligned graphene ﬂakes? Themain difference between
the different graphene orientations is the interactionwith the substrate. Aligned, R0 graphenewas found to show
a stronger chemisorption character on the Ir substrate thanRXdomains, and exhibits hybridization of the
Figure 5. (a) LEEM-IV curves from the two regionsmarked in the LEEM image shown in (b), together with the normalized difference
of both curves. Differences in the residual stress shows up as differences in the IV curves. (c) and (d) shows growth sequences of CuPc.
The ﬁrst image in each sequence shows the clean surface in false colors (integrated intensity from4.5 to 5.5 V start voltage, see red
shaded area in (a)), where blue corresponds to less and red tomore strongly stressed regions. CuPc crystallization is ﬁrst observed on
the relaxed regions,markedwith anA, and only subsequently on stressed regions B.
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graphene electronic bandswith the Ir bands. All other graphene orientations showmore physisorptive character
[68]. The R0 domains also have the lowest work functions. In principle, there are three possiblemechanisms,
whichmight be responsible for the earlier nucleation:
(1)The sticking coefﬁcient, and thus the residence time of CuPcmolecules, is higher on the aligned graphene
areas, possibly caused by a smaller distance of themolecules to the Ir(111) substrate. As a result, the density of
molecules is higher on these areas, which induces earlier nucleation. This is a reasonable explanation, however,
two observations point against it. First, themolecules do not desorb from the surface at the temperatures used
here, i.e., the sticking coefﬁcient should be close to unity on all types of graphene ﬂakes. Second, the different
graphene areas inﬁgure 6 are separated bywrinkles, which are several nanometer high protrusions [67]. It is
reasonable that these are impenetrable barriers for diffusingCuPcmolecules, given that theywould prefer the
closer contact to the Ir(111) substrate and avoid the delaminated graphene at thewrinkles. This wouldmean that
there is nomass exchange between both areas and the totalmolecular density is on average very similar
everywhere.
(2)The Ir(111) inﬂuences the orientation of themoleculesmore strongly on the aligned graphene areas, as
compared to themoremisaligned areas. Obviously, the right orientation of themolecules plays amajor role in
the nucleation process, since themolecules are randomly oriented in the disordered phase, but showonly one
orientation in the crystalline phase relative to theGr/Ir(111) substrate. Due to the substrate symmetry, this
single orientation appears as a six-fold symmetry. The alignment of the orientation is caused by the interaction
with the substrate,most likely the Ir(111) crystal. The electron bands of the pure R0 graphene variants are
hybridizedwith the Ir bands [68], whichmakes it likely that the CuPc orientation, even in the disordered phase,
ismore strongly inﬂuenced on the R0 graphene. It is plausible, that stronger average alignment will result in an
increased effectivemolecule–molecule interaction, which is a function of themolecules’ relative orientation
[69]. In pair potential calculations it has been shown that depending on the relative orientation of CuPc
molecules, the interaction can change between attractive and repulsive [69]. If twomolecules in the disordered
phasemeet, and they have a higher chance of being in the right orientation, this will allownucleation at a lower
density.
(3)Onnoblemetal surfaces the interaction betweenmolecules is strongly inﬂuenced by the interactionwith
the substrate [44–46, 70]. For example, onCu(111) andAg(111)CuPcmolecules are chemisorbed and the
LUMOswere found to be partially ﬁlled. OnCu(111) this results in an attractive interaction betweenmolecules,
and the formation of CuPc islands at a coverage of 0.76MLwas observed[45]. OnAg(111), on the other hand,
this results in a repulsive interaction and a continuously shrinking unit cell with increasing coverage[46]. On the
more inert Au(111) surface CuPc is physisorbed and no charge transfer into themolecules’ LUMOs occurs[45].
A negligible interaction betweenmolecules results in no islanding and crystallization only at higher coverages
close to amonolayer. It seems plausible, that we observe the same effect here on the different graphene
orientations. As alreadymentioned, grapheneﬂakes/regions that are alignedw.r.t. the Ir(111) substrate (e.g. R0
ﬂakes) showmore chemisorptive character, with Ir electron bands leaking into the graphene, while all other
graphene orientations showmore physisorptive character. This results in different doping (misaligned graphene
being p-doped), whichwill inﬂuence theﬁlling of theCuPc LUMOs and in turn is known to control the
molecule–molecule interaction.
An interesting question is, if the observed difference in interaction betweenmolecules is caused by the
different doping, or by the Ir(111) d-bands leakingmore into the R0 graphene ﬂakes. If it was just caused by the
Figure 6.Deposition of CuPc on a R0 graphene ﬂake surrounded by a rotated RXﬂake (most likely a ﬂake rotated by 30°, themost
abundantmisaligned graphene orientation [43]). The shape of the R0ﬂake ismarkedwith a dashed contour. CuPc domains (dark
gray)nucleate ﬁrst on the R0 domain (middle image), then on the ﬂakewith another orientation (right image).
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doping, it should be feasible to control the crystallization of CuPc on graphene by applying a bias voltage,
independent of the substrate.
5. Conclusion
To summarize, we studied the submonolayer growth of aCuPcﬁlm onGraphene/Ir(111) using in situ electron
microscopy. Two distinct surface phases were observed: a disordered phase at lowCuPc coverages and an
ordered crystalline phase. The crystalline phase nucleates at relatively high coverages between 0.81 ML (220 K)
and 0.92ML (280 K). The phase transition is reversible: upon increasing the temperature the crystalline domains
melt, upon decreasing the temperature they form again. Desorption ofmolecules from the surface is negligible
below 450 K.Using dark ﬁeld LEEM,we showed that individual crystalline domains could becomemicrometer
sized, only limited bywrinkles of the grapheneﬂakes. Graphene also formswrinkles on other substrates
including SiO2 [71], so the same size limitation should also apply for CuPc crystallites there. TheCuPc crystals
showone crystal structure with six equivalent orientational domains, which is in accordance with the six-fold
symmetry of the graphene and Ir(111) substrate.
The crystallization of CuPc startsﬁrst on those regions of the grapheneﬂakes that show alignment w.r.t. the
underlying Ir(111) substrate.We observed this effect on individual R0 graphene ﬂakes, and also betweenﬂakes
of completely different orientation.We explain this difference in the nucleation behavior with the different
inﬂuence of the Ir(111) substrate on aligned andmisaligned graphene sheets or areas. Aligned graphene is in
closer contact with the Ir substrate andmore chemisorbed, while all other orientations show amore
physisorptive character. The experiment indicated clearly that the closer Ir substrate induces an earlier CuPc
nucleation. This could be understood by an increased adsorption energy, by orientational alignment of the
molecules or through doping (or a combination of these effects). Especially the last point would be interesting, it
could allow to steer the nucleation by application of a bias voltage to a graphene sheet. To check this, it would be
necessary to growCuPc on graphene on another substrate with tunable doping orwith the ability to apply a bias
voltage, in order to exclude the inﬂuence of the Ir substrate.
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